Assuming that the vacuum expectation of the quantum vacuum energy-momentum is zero, I show that fluctuations give rise to a smooth curvature of spacetime. That curvature is currently attributed to a uniform energy-momentum tensor, known as "dark energy".Our calculation leads to an estimate which roughly agrees with observations.
An outstanding open problem in cosmology concerns the nature of "dark energy" and "dark matter", which toghether contribute more than 95% of the total mass-energy of the universe. The present mass density of dark energy, ρ DE , and dark matter, ρ DM , are known to be [1] , [2] ρ DE ∼ 10 −26 kg/m 3 , ρ DM ∼ 1 3
which may be compared with the baryon mass density
In the present paper I will be concerned with dark energy only. The current wisdom is to identify dark energy with the cosmological constant introduced by Einstein in 1917. An alternative hypothesis, equivalent in practice, is to postulate a vacuum energy-momentum tensor
g µν being the metric tensor and ρ DE a constant. The assumption eq. (3) is appropriate for the vacuum, in Minkowski spacetime, because it is the only energy-momentum tensor which is invariant under Lorentz transformations. A problem appears, however, when one attempts to estimate the value of ρ DE as an energy density of the vacuum. In fact if the dark energy is really the quantum vacuum energy it seems difficult to understand why the density is not either strictly zero or of the order of Planck´s density, that is
This density is 123 orders of magnitude greater than the observed value. The aim of this paper is to propose a mechanism which may be the origin of what is known as "dark energy". I start assuming that the quantum vacuum energy is strictly zero, and then I show that fluctuations of the vacuum may give rise to a smooth curvature of spacetime. That curvature happens to be the same which would appear if there existed a uniform energymomentum tensor given by eqs. (3) and (1) . In other words there is no dark energy, but there exists a curvature of spacetime induced by the quantum vacuum fluctuation which mimic the effect of a constant energy-momentum tensor. The mechanism is explained in more detail in the following.
The quantum vacuum may be described by a set of interacting relativistic quantum fields, likely the fields associated to the standard model of elementary particles. However for our purposes it is not necessary to make any specific hypothesis about the fields. It is enough to assume the existence of an energy-momentum quantum operator, T ν µ , associated to the vacuum. That operator will be a function of the space and time coordinates, but I shall assume that at every point its vacuum expectation value is zero, that is 0
In contrast the existence of fluctuations implies that the vacuum expectation of squares of the components are not zero, for instance
where F is some constant. In all the calculations which follow I shall ignore, for simplicity, the existence of any matter in the universe (e. g. baryonic or dark).
In order to study the effect of the quantum vacuum on the curvature of spacetime we shall calculate the coefficients, g µν , of the metric
The relation between the metric and the vacuum energy-momentum tensor is provided by Einstein´s equation
Here G is Newton´s constant and G ν µ is Einstein´s tensor, which is related to the metric coefficients and their derivatives by standard formulae [3] . At this moment I shall stress that the right hand side of eq. (8) is a tensor operator, as emphasized above. Consequently that equation has only meaning in the context of quantized gravity, where both the metric tensor, g µν , and the Einstein tensor, G ν µ , are operators. A naïve interpretation of eq.(8) might lead the reader to assume that, provided that the vacuum expectation of the energy-momentum tensor is zero (see eq. (5)), the vacuum expectation of the metric tensor, g µν , should be Minkowskian, with the consequence that the vacuum would produce no curvature of spacetime. That conclusion is wrong. Indeed providing the correct consequences of eq.(8) is the main purpose of the present paper. The point is that, although eq. Obtaining a quantitative relation between the quantum vacuum fluctuations and the spacetime curvature induced by them would be involved. It would require a detailed knowledge of the vacuum fluctuations. Here I shall consider a simplified illustrative model of a "universe" with all quantum fields possessing spherical symmetry around some particular point. In a problem of spherical symmetry the metric is, in standard coordinates [3] ,
where A and B are functions of the radial coordinate and the time. It is the case that the energy density, ρ ≡ T 
The right side of eq.(12) being zero is a particular case of eq.(5) . In sharp contrast the right side of eq. (13) is not zero due to the fluctuations of the energy density in the vacuum. Eq.(12) may be easily solved and the solution finite at the origin is
I stress that this does not imply
an equality which should be true if, and only if, spacetime is Minkowskian. Our next step will be precisely to get (or estimate) the expectation 0 |A| 0 using eqs. (14) and (13) . I shall start with the "ansatz"
where n is a positive integer to be specified later and I have written explicitly the dependence on the variables r and t. Eq.(16) is compatible with eq.(14) , for any n, provided that 0 |a| 0 = 0.
If I put eq.(16) in eq.(13) I obtain
This relation determines n by the condition that both sides are proportional to the same power of r. At this moment I point out that, at a difference with eq.(6) , in our simplified, spherical, model the vacuum expectation of the density squared needs not be a constant. Indeed in our model only radial (and no angular) fluctuations are allowed. As the radial coordinate increases these fluctuations will affect a greater spherical surface, therefore it is natural to assume that they become smaller as r increases. For this reason it is plausible to assume that the fluctuations decrease with r so that
This leads to n = 1 in eq.(16) , so that
whence the following expression is obtained, which is valid for small enough r A (r, t)
leading to
Now we might attempt to estimate the vacuum expectation of the second metric coefficient, B (see eq.(10).) The calculation is involved and will not be made here.
The relevant conclusions of our model calculation, which I hope are model independent, are the following: 1) Quantum vacuum fluctuations give rise to a vacuum expectation of the metric tensor which departs from the Minkoswski expression (that is departs from 0 |A| 0 = 1 in our example).
2) The effect on the metric is of order G 2 . Now we may compare eq.(22) with the expression of the metric coefficient A which would be produced by a homogeneous non-fluctuating energy density , ρ DE , that is[3]
As a conclusion we see that, in our simplified model, the vacuum fluctuations of the density produce the same effect on the metric coefficient than a nonfluctuating energy density, ρ DE , given by
Our model calculation shows that the (fictitious) "dark energy" density, ρ DE , has a value which is the product of Newton´s constant, G, times some factor, 6πC, which depends on the properties of the relativistic quantum fields, likely those of the standard model of elementary particles. Thus we might estimate the value of the parameter C by means of a combination of Planck´s constant, h, the speed of light, c, and some typical mass of elementary particles, m. In order that ρ DE has dimensions of energy density, we shall assume
The observed value, eq. (1) , is obtained if the mass m is m ∼ 1.4 × 10 −28 kg which is about 1/12 times the proton mass or about 150 times the electron mass. Thus the value of the mass parameter fits with the requirement of being some average mass of elementary particles.
